Introduction
Grain yield components in rice consist chiefly of the number of plants per unit area, tiller number per plant, grain number per panicle, grain size and grain fertility. Among them, the branching habit in a shoot and a panicle is important in rice grain production (Yan et al. 1998) because it is closely linked with yield potential via tillering of the vegetative shoot and rachis branching of the panicle. In particular, the panicle is one of the most important organs because its development directly regulates grain number as a factor dictating sink size. The rice panicle is a complex organ consisting of a main axis and primary, secondary and higher-order rachis branches (Fig. 1) . Because grains in the panicle are attached at the terminal of each rachis branch, the grain number is assumed to nearly equal the number of terminal branches. Accordingly, grain number depends on the branching competency of the panicle. Thus, identifying the genetic factors controlling panicle branching patterns is important to improve the sink size of the rice panicle.
To date, several morphological studies (Sasahara et al. 1982 , Hashimoto et al. 1983 , Kambayashi et al. 1983 , Matsuba 1991 , Kobayashi and Imaki 1997 , Fukushima 1999 , Yamagishi et al. 2003 as well as genetics studies Futsuhara 1980, Sasahara et al. 1985) have examined rice panicle traits. Furthermore, some rice mutants affecting panicle formation or grain number have been reported. A recessive mutation, fzp (frizzy panicle) expresses an abnormal panicle duplicating infinite branching of the rachis without transition to the floral initiation stage (Mackill et al. 1991 , Komatsu et al. 2001 . Dn (dense panicle; Futsuhara et al. 1979b ) and DEP1 (dense and erect panicle1; Huang et al. 2009 ) shorten dominant branch lengths and increase branch number. Apo1 (aberrant panicle organization1) reduces panicle development, resulting in less panicle rachis branches (Ikeda et al. 2005 (Ikeda et al. , 2007 (Ikeda et al. , 2009 , and lax (lax panicle) inhibits rachis branching (Futsuhara et al. 1979a , Komatsu et al. 2001 not only in rice (Nagata et al. 2002 , Kato 2004 , Yamagishi et al. 2004 , Ashikari et al. 2005 , Mei et al. 2006 , Ando et al. 2008 , Xing et al. 2008 ) but also in maize (Doebley and Stec 1991 , Upadyayula et al. 2006a , 2006b , sorghum (Brown et al. 2006 , Srinivas et al. 2009 ) and millet (Doust et al. 2005) . In rice, gn1 (grain number1) was detected and identified as the most effective QTL increase in grain number through QTL analysis using backcrossed inbred lines (BILs) between the indica cultivar Habataki and a japonica cultivar Koshihikari. It has been provided to advance grain yield (Ashikari et al. 2005) . This successful practice indicates that QTL analysis is an effective method when applied to other panicle traits. Because a rice panicle shows so many complicated traits as mentioned above, the measurement of these traits tends to be laborious and time-consuming. Furthermore, we have no adequate tool or method to visually and comprehensively show a difference in panicle structure or panicle branching pattern through the analysis of panicle traits. Therefore, we produced a new software program employing an image analyzing method. This software is composed of two program parts (PASTAR and PASTA Viewer) and automatically obtains the length and number of various branches and grain number from graphic images of panicles arranged in a plane matrix (PASTAR). Furthermore, it enables the output of results to an Excel (Microsoft, Redmond, WA, USA) spreadsheet and produces some graphical images of panicle branching patterns based on the acquired data (PASTA Viewer).
In this study, we first used PASTAR and PASTA Viewer to analyze the panicle structure of three extra numerous grain cultivars, Habataki, NP-4 and NP-6, and a normal cultivar, Koshihikari used as a control. We successively conducted a QTL analysis using this method for 18 measurable traits related to panicle structure of the F 2 population from a cross between Koshihikari and NP-6.
Materials and Methods

Plant materials
We used Habataki, NP-4, NP-6 and Koshihikari for the analysis of panicle structure (Fig. 2) . Moreover, 90 F 2 progeny were segregated from a cross between Koshihikari and NP-6 for a QTL analysis of panicle traits. NP-4 and NP-6 had been preserved as extra numerous grain lines at Nagoya University. NP-4 originated from inbred japonica-indica 
Image analyzing and phenotype evaluation
Main shoot panicles of the four cultivars and the 90 F 2 progeny at 10 days after heading were cut and spread within dual drying papers for a 2-week dehydration. The panicles were then glued in a single layer on a clear sheet. These panicle specimens were scanned with a transmission scanner (GT-900A; EPSON Co., Ltd., Tokyo, Japan), and the images were stored as JPEG files (300 dpi, 8 bit grayscale). The JPEG files were imported into PASTAR to automatically distinguish the panicle branch from the husk and to label the terminal (top and bottom) of each rachis branch. PASTAR had a correction mode to detect the terminal position and could be adjusted during visual observation. PASTA Viewer was used to measure the length and/or number of a set of identical traits from the labeled graphical images (Table 1) . Furthermore, PASTA Viewer prepared and saved the JPEG files of the panicle branching pattern based on the location survey (Fig. 3) . The statistical data were provided as a Microsoft Excel format list for phenotype evaluation ( Table 2) .
Construction of linkage map and QTL analysis
For construction of the linkage map, genomic DNAs were extracted from the dried leaf tissue of 90 F 2 individuals and their parents using the method described by Tai and Tanksley (1990) . The purified DNA samples were genotyped using molecular markers. PCR-based markers including et al. 2002a, 2002b) , cleaved amplified polymorphic sequence (CAPS) (Konieczny and Ausubel 1993) and single nucleotide polymorphisms (SNP) identified from the genomic DNA sequences of each parent were used to construct the linkage map. PCR using these markers was performed as described by Chen et al. (1997) or according to the manufacturer's protocol for the AcycloPrime-FP SNP Detection System (PerkinElmer, Wellesley, MA, USA). The amplified PCR products were separated on 3% agarose gels in 0.5× TBE buffer and visualized using ethidium bromide. Linkage maps of the 90 F 2 individuals with 126 molecular markers covering the whole rice genome were constructed using MAPMAKER/EXP, version 3.0 (Lander et al. 1987) . QTL analysis was performed with phenotypic data and linkage maps by composite interval mapping using Windows QTL Cartographer, version 2.5 (Wang et al. 2005) . The significant logarithm threshold of the odds (LOD) score was estimated with permutation tests (Churchill and Doerge 1994) using 1,000 replicates for each trait (P < 0.05).
Results
Typical panicle branching patterns
To confirm the accuracy of the PASTAR measurements, root mean square error value (RMSE = ) of the measurement was estimated with an artificial panicle drawn with ARCAD CAD software (www.arcad.net). The lengths of each branch segment measured by PASTAR and by hand were compared with object property values (X) output by the CAD software. The values of RMSE by PASTAR and the hand measurements were 0.46 and 0.47, respectively, and no significant difference was found. Furthermore, no significant difference was observed between measured values by hand and automatically obtained values by PASTAR using primary rachis branches of some panicle specimens (data not shown). Therefore we used the measurement data from this software in the following experiments. Eighteen panicle traits of Habataki, NP-4, NP-6 and Koshihikari were analyzed using PASTAR and PASTA Viewer. The data acquisition results using this analyzer are shown in Fig. 3 and Table 2 . These extra numerous grain lines had 1.3 (Habataki) to 3.9 (NP-6) times the grains per panicle than Koshihikari. Habataki and NP4 showed significantly higher values than Koshihikari in 7 and 12 panicle traits, respectively. Furthermore, NP-6 outranged Koshihikari in all measured panicle trait values. Habataki expressed fairly long primary rachis branches and increased the length and number of higher-order rachis branches. On the other hand, Habataki showed only slightly higher number of primary rachis branches (Prn), which were comparable to the Prn in Koshihikari. Hence, the panicle of the Habataki gained extra numerous grains because of increasing higher-order rachis branches on the primary rachis branches; however, the panicle density (Pd = 1.54 ± 0.11) showed a similar degree with Koshihikari (Pd = 1.70 ± 0.12), as the total length of the primary rachis branch (Tpl) in Habataki was particularly longer than that of Koshihikari. In contrast, NP-4 and NP-6 increased Prn and the number of secondary rachis branches (Srn) compared to those of Koshihikari; they were 1.3 and 1.5 times the Pd values for Koshihikari, respectively (Table 2) .
Determining the difference in panicle structure or branching patterns of these cultivars was very difficult from only raw photographic images (Fig. 2) ; however, graphic images of the panicle branching pattern drawn by PASTA Viewer with an equivalent interval (Fig. 3 ) facilitated determining the characteristics among these cultivars.
Phenotypic variation in the F 2 population
To analyze the genetic variations found in the panicle branching patterns, we performed QTL analysis using the F 2 progeny of Koshihikari and NP-6, which were chosen as the parental lines. The results of 18 panicle traits for the F 2 individuals evaluated by the image analyzer are summarized in Table 3 . Tertiary rachis branching was not observed in 48 F 2 individuals, although NP-6 was seen to produce this branch frequently. Continuous variation occurred in the F 2 population except for three traits (Trn, Ttn and Ttl) related to tertiary rachis branching.
Linkage map and detection of QTLs
In total, 126 polymorphic molecular markers spaced at an average interval of 13.4 cM were used to construct a linkage Number traits Gn 173.3 ± 6.1 235.3 ± 14.7** 281.0 ± 3.0** 666.0 ± 6.0** Prn 14.0 ± 0.0 14.0 ± 1.0 17.3 ± 1.5** 22.7 ± 1.2** Srn 31.0 ± 1.7 55.3 ± 10.1 66.7 ± 15.0* 138.7 ± 23.4** Trn 0.0 ± 0.0 5.3 ± 4.9 1.7 ± 2.1 27.0 ± 7.9** Tln 102.0 ± 2.6 125.0 ± 4.4 149.7 ± 14.6** 239.3 ± 20.2** Tsn 59.0 ± 4.0 118.3 ± 11.9** 139.3 ± 12.5** 422.3 ± 15.6** Ttn 0.0 ± 0.0 6.0 ± 5.2 1.7 ± 2.1 37.7 ± 9.1** Sln 3.7 ± 0.6 4.3 ± 0.6 5.7 ± 1.5* 7.3 ± 0.6** Lln 9.0 ± 0.0 10.7 ± 0.6 11.3 ± 2.1* 11.7 ± 1.2* Length traits (cm) Pl 21.7 ± 1.1 21.8 ± 1.4 23.0 ± 0.7 30.4 ± 1.6** Prl 18.7 ± 1.4 14.1 ± 1.8* 20.8 ± 1.2** 23.8 ± 2.4** Tpl 83.0 ± 4.0 139.3 ± 12.3** 104.9 ± 4.3** 235.5 ± 6.5** Apl 5.9 ± 0.3 9.9 ± 0.2** 6.1 ± 0.4 10.4 ± 0.3** Tsl 30.5 ± 1.9 90.8 ± 8.5** 66.3 ± 4.8** 221.7 ± 8.8** Asl 1.0 ± 0.1 1.8 ± 0.1** 1.1 ± 0.1 1.7 ± 0.1** Ttl 0.0 ± 0.0 2.6 ± 2.1 0.6 ± 0.8 13.5 ± 4.9** Lpl 8.1 ± 0.4 12.3 ± 0.6** 9.7 ± 0.5* 14.9 ± 0.8** Panicle density Pd 1.70 ± 0.12 1.54 ± 0.11 2.24 ± 0.07** 2.57 ± 0.03** *, ** significantly different from Koshihikari at 5% and 1% levels, respectively.
map with the Koshihikari/NP-6 F 2 population. Because all of the molecular markers were evenly distributed and covered the entire genome, QTLs were likely to be detected by our analysis. We conducted a QTL analysis for all 18 traits using the F 2 phenotypic data and the linkage map, and then adopted QTLs showing a significantly larger LOD score than the threshold value (P = 0.05) calculated with QTL Cartographer (Table 3) . The results of composite interval mapping of the QTL analysis are shown in Fig. 4 and Table 4 .
Thirty-one QTLs that satisfied the above criteria were detected. Two QTLs, qGN1 and qGN6, enhanced by the NP-6 allele for grain number (Gn), were located on chromosomes 1 and 6, respectively. qGN1 was detected near the well-known position of gn1 isolated by Ashikari et al. (2005) , whereas qGN6 was located on a similar region detected as a QTL of spikelet number in a previous report by Kato (2004) . Five QTLs with an average secondary rachis branch length (Asl) were detected independently on five different chromosomes, and two of them, qASL3 and qASL7, were enhanced by the Koshihikari alleles. Among four panicle density (Pd) QTLs, only qPD5 on chromosome 5 was enhanced by the Koshihikari allele. In contrast, three regions, in which more than four QTLs were concentrated as a cluster, were found on chromosomes 1, 6 and 8.
Relationship between branch number and branch length
Variability was observed in the branching pattern caused by a relative difference in branch number and length among extra numerous grain cultivars (Fig. 2, Fig. 3 and Table 2 ). However, the relationship between the length and number of rachis branches was uncertain. We next examined the relationship between QTLs of the traits for length and number of the same component, i. e., Prn and Prl, Tln and Tpl, Lln and Lpl, Tsn and Tsl, and Ttn and Ttl. QTLs enhanced by the NP-6 allele for Tln and Tpl, and Tsn and Tsl were detected in similar regions on chromosome 8 (qTLN8 and qTPL8), and chromosomes 1 (qTSN1 and qTSL1) and 6 (qTSN6 and qTSL6A), respectively. However, six QTLs for Prn (qPRN8 on chromosome 8 and qPRN9 on chromosome 9), Tln (qTLN1 on chromosome 1), Prl (qPRL3 on chromosome 3), Lpl (qLPL8 on chromosome 8) and Tsl (qTSL6b on chromosome 6) were detected as independent QTLs for the corresponding traits. These results suggested that different genetic mechanisms would control the length and number of rachis branches in rice panicles.
Discussion
Utility of the image analyzing method for panicle trait analysis
Application of a computer image analysis method for quantitative traits such as the length and number of rachis branches in rice panicles is complicated, but the outputs of branching structure from this method is very helpful in dealing instantly and automatically with such highly complex data. Prolog program developed by Ishikawa and Suzuki (2003) has been released as software illustrating panicle structure, but this application is limited because data are acquired manually from the panicle specimen. Our image analyzer, PASTAR, and PASTA Viewer are available to extract data automatically from various measurable characters on scanned panicle images, which need to avoid overlapping of specimens. Using this analyzer, we obtained data for 18 panicle traits, many of which required a considerable effort to measure manually. Consequently, this method detected 31 QTLs based on the trait data ( Fig. 4 and Table 4 ).
Furthermore, PASTA Viewer enables us to display the panicle branching pattern as a graphic image for measured values, supporting an understanding of the visual differences in panicle structure among the cultivars (Fig. 3) . This software is currently specialized only as an analyzer for panicle structure, but this could expand the utility to other plant organs, such as root system, with some minor modifications. This software is now under development by HRI Japan (http://www.jp.honda-ri.com/) and the license agreement is accepted with reservations.
Panicle traits observed in extra numerous grain cultivars
Some studies have focused on rachis branching as it relates to the escalation of grain number (Sasahara et al. 1982 , Hashimoto et al. 1983 , Matsuba 1991 , Kobayashi and Imaki 1997 , Yamagishi et al. 2003 . Matsuba (1991) advanced a "new model" indicating that the maximum branching system on the primary rachis branch of the panicle is based on his actual observation and theoretical speculation for panicle formation. Furthermore, Matsuba (1991) demonstrated that panicle structure of rice cultivar should be classified into five basic branching patterns based on the differential ability of secondary branches on each primary rachis branch sequentially generated. The panicle type of the extra numerous grain lines used in this study seemed to apply to the categories in this classification. The Habataki panicle is a typical type that was categorized as a "square panicle form," and this cultivar could be characterized by a large number of lateral branches on each primary rachis branch (Fig. 3 and Table 2 ). NP-4 and NP-6 panicles also had increased lateral branches on the primary rachis branch. In contrast, these cultivars also had an increased number of primary rachis branches. However, lateral branching abilities on the primary rachis branch of these cultivars were reduced gradually toward the upper side of the panicle (Fig. 3) , and these panicle branching patterns seemed to be classified as the "acuate-square panicle form" described by Matsuba (1991) . The results of our observations on panicle traits show that enhanced lateral branching of the primary rachis branch and an increase in the number of primary branches in itself would contribute to increasing grain number.
Detected QTLs of panicle traits
Although several reports have focused on the QTL analysis of panicle traits, many have investigated the number traits in a panicle such as grain and branch numbers due to the difficulty of acquiring data on the length traits of complicated branches. Our present experiment allowed us to measure some length traits and to detect some QTLs of these traits. Among them, panicle length (Pl) has been investigated by many previous reports, but the Pl consists of the length of the panicle rachis and the top-most primary rachis branch. We analyzed panicle length by separating these differents parts. Although two QTLs for Pl (qPL5 and qPL6) were detected, our results did not reveal whether Pl in itself and Prl are controlled by different QTLs because no QTL of the latter was detected, except for qPRL3 on chromosome 3, in which the Koshihikari allele enhanced the Prl.
An exceptionally dense panicle leads to low grain quality due to a disorder in grain shape and a decline in grain fertility; therefore, panicle density (Pd) is an important trait for panicle improvement. Among the four Pd QTLs in this experiment, qPD5 enhanced by the Koshihikari allele and qPD11 enhanced by NP-6 allele were detected as single regions and functioned in opposite directions. These QTLs are Fig. 4 . Linkage map showing the location of the quantitative trait loci (QTLs) for 18 panicle traits in the F 2 population. The QTL peak with a significant logarithm threshold of the odds score (P < 0.05) is shown by a black arrowhead (enhanced by the NP-6 allele) and the outlined arrowhead (Koshihikari allele).
suggested to be potentially able to control panicle density without pleiotropic effects on the other panicle traits.
The results of our QTL analysis about 18 panicle traits and showed three major QTL regions that formed as a cluster enhanced by NP-6 on chromosomes 1, 6 and 8 (Fig. 4 and Table 4 ). Our preliminary QTL analysis experiment using manually obtained data for grain number and some rachis branch numbers from the F 2 population of the same Koshihikari and NP-6 cross combination showed similar results (data not shown). Moreover, we carried out QTL analysis for the first and second principal component scores (PCA1 and PCA2) obtained from the principal component analysis (PCA) using 18 panicle traits in the same F 2 population. The results showed that QTLs enhanced by NP-6 alleles were detected on Chromosomes 1 (PCA1), 6 (PCA1) and 8 (PCA1 and 2). These regions overlapped completely to clustered QTLs (data not shown). All of these results suggest that the panicle structure of the NP-6 are controlled by a few loci that affect pleiotropically. Further studies are needed to clarify whether the effects of these QTLs are enhanced by the pleiotropic functions of one or more major genes located on the same chromosome regions.
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